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The recently completed upgrade of the Synchrotron Ultraviolet Radiation FaSIitiRF 1lI) at the
National Institute of Standards and Technold®yST) has improved the accuracy of radiometric
measurements over a broad spectral range from the infrared to the soft x ray. The beamline 4 at
SURF Il is a cryogenic-radiometer based radiometric facility for the ultravigldy) spectral

range. The upgrade of SURF Il has allowed us to use beamline 4 to improve the detector spectral
power responsivity scales in the wavelength range from 125 to 320 nm. The achieved combined
relative standard uncertainty is better than 0.5% over most of this spectral range. This is a significant
improvement over the more than 6% relative standard uncertainty in this spectral range of the
current scales maintained at the Spectral Comparator Fat8i8P in the Optical Technology
Division and the Far UV Calibration Facility in the Electron and Optical Physics Division. The new
UV scale of beamline 4 was subsequently intercompared and transferred to the SCF and to the Far
UV Calibration Facility to improve their UV scales and ensure consistency within NIST. The new
scale established at beamline 4 improves NIST's calibration capabilities for environmental
monitoring, astrophysics, and the UV industry. The new scale also includes wavelengths such as
193 and 157 nm excimer laser wavelengths, which are of particular interest to the semiconductor
photolithography industry. [DOI: 10.1063/1.1361081

I. INTRODUCTION material characterization. For detector responsivity measure-

The National Institute of Standards and Technologym_ents’ the response of a test_ deteptor is directly gompa_lred
(NIST) currently has two calibration facilities for ultraviolet With the response of a cryogenic radiometer, thus eliminating
(UV) detector spectral power responsivity measurement. On@"Y intermediate scale transfer. The spectral range of beam-
is the UV Spectral Comparator FacilitgCP? in the Op-  line 4 is from 125 to 320 nm, complementing the SCF and
tical Technology Division and the other is the Far UV Cali- the Far UV Calibration Facility, and including the 193 and
bration Facility ™’ in the Electron and Optical Physics Divi- 157 nm excimer laser wavelengths that are currently being
sion. The spectral responsivities of the SCF workingactively explored by the semiconductor industry for micro-
standard detectors are derived from the High Accuracy Cryogelectronic device processing.
genic Radiometer facilityHACR)®° and extended to the UV The primary standard for detector responsivity measure-
range by comparison with a spectrally flat pyroelectric detecments on beamline 4 is an absolute cryogenic radiometer
tor. The overall spectral range is from 200 to 500 nm and théACR), which measures the incident radiant power by using
relative standard uncertainty is less than 0.2% except ne&lectrical substitution at liquid helium temperatdr€ryo-

200 nm where the relative standard uncertainty increases @enic radiometers are the most accurate radiant power detec-
6%?2 On the other hand, the scale of the Far UV Calibrationtors currently available and are widely established at national
Facility is derived from a combination of thermopile and the laboratories as primary standards. For example, HACR is the
use of the Synchrotron Ultraviolet Radiation Facii8URFP  primary standard of NIST from the near UV to the
as an absolute source. The spectral range of the Far UWfrared®® The combination of a cryogenic radiometer with
Calibration Facility is from 50 to 260 nm and the overall synchrotron radiation makes it possible to extend the spectral
measurement uncertainty is about 5%. range of radiometric power measurements to as far as the

In response to rising needs from photolithograjSrgnd x-ray regime. This was demonstrated at the Berlin electron-
other UV industries for detector calibrations in the UV rangestorage ring by the Physikalisch-Technische Bundesan-
with lower uncertainties than currently available, astg|t13-15

cryogenic-radiometer based system was constructed on At SURF, a major upgrade was performed shortly after
beamline 4 of SURF at NIST:*?The system at beamline 4 the commissioning of the new radiometry facility at beam-
was designed and constructed as a general purpose UV fgne 4. The upgrade from SURF Il to SURF I improved
cility with functions including detector spectral responsivity many aspects of the radiometric properties of SURF, e.g., the
measurements, detector radiation damage studies, and U)hitormity of the magnetic field along the electron trajectory,
higher electron energy, higher electron beam current, and a
3Electronic mail: shaw@nist.gov more stable electron beam. For beamline 4, SURF Il pro-
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SURF III

FIG. 1. Schematic diagram of beamline 4 for UV radiometry at SURF Ill showing grazing incidence prdéptiaad (b)], shutter(c), monochromator
entrance slitd), grating(e), plane mirror(f), CaF, window (g), quartz filter(h), monochromator exit sliti), spherical mirro«j), monitor photodiodék), plane
mirror (1), CaR beam splitter(m), test detectotn), and absolute cryogenic radiomet&CR) (0).

vides more radiation power with improved stability that With the upgrade of SURF lll, the wavelength calibra-
leads to a larger signal-to-noise ratio and an improvement ition of the beamline 4 monochromator system was per-
the accuracy of radiometric measurements. We have pefermed using a holmium oxide solution wavelength standard
formed detector spectral responsivity calibrations on beamNIST standard reference materi8iRM) 2034].2° The trans-
line 4 with a relative standard uncertainty of less than 0.5%mission bands of the wavelength standard were measured
over most of the beamline 4 spectral region. This uncertaintynd each measured band was identified and the correspond-
is significantly lower than the up to 6% uncertainties ob-ing published wavelength value was used to correct the
tained at the SCF and the Far UV Calibration Facility. Withwavelength scale of beamline 4. The resulting wavelength
the new UV scale at beamline 4, a round of intercomparisomuncertainty of te 2 m monochromator in the UV region is
was conducted among beamline 4, the SCF, and the Far U¥0.2 nm.
Calibration Facility to ensure UV scale consistency. Subse- Downstream from the monochromator, two Al/MgF
quently, the UV scale at beamline 4 was transferred to thenirrors, one spherical and one flat, image the exit slit of the
SCF and the Far UV Calibration Facility to reduce their un-monochromator onto the test detectors and the ACR with
certainties. one-to-one magnification. Before the monochromatized
In this article, we describe the results and the uncertaintpeam irradiates the test detectors and ACR, a,Caam
analysis of the new scale set by beamline 4 with SURF llisplitter reflects a portion of the beam onto a monitor photo-
radiation and the intercomparison results with the SCF andiode. The signal from the monitor photodiode is used to
the Far UV Calibration Facility. We also present the calibra-normalize the signal either from the test detector or from the
tion results of a variety of UV detectors with beamline 4. ACR to eliminate the effects on the measurements of the
gradual decay of the electron beam in the storage ring and
Il. BEAMLINE DESCRIPTION any fluctuations of the beam.
Further downstream, the test detectors and ACR are
The schematic diagram of the beamline 4 components is
shown in Fig. 1. A more general discussion of the operation  554q
and performance of the preoptics and the monochromato
system was given elsewhef®!® Briefly, synchrotron radia-
tion from SURF lll is collected and imaged onto the entrance
slit of a monochromator by two grazing incidence mirrors,
one plane and one toroidal. A shutter in front of the mono-
chromator entrance slit can block the beam for backgrounc
measurements by downstream detectors. The monochrcZ 1000
mator 5 a 2 mnormal-incidence monochromator with a 600
line/mm grating blazed at 200 nm. A Cawindow in front

2000

1500

(nW)

of the exit slit separates the downstream beamline from the 500

storage ring. This reduces the pump-down time for detectol

calibrations since ultrahigh vacuum-(L0"° Torr) is not re-

quired for operation in the end station where test detector 100 150 200 250 300
are positioned. A movable quartz window acts as an order: Wavelength (nm)

sorting filter for wavelength scans longer than 200 nm. Typi- _ _ _ o
cal resolution of the monochromator for this work was ap-F.IG' 2. Measured optical power output from beamline 4 with an gxn slit
size of 2 mm by 2 mm. For wavelengths longer than 200 (open dia-

prOXimately 1.4 nm at 200 nm, which corresponded to a slithonds, a quartz window was used as an order-sorting filter. At shorter
opening of 2 mnx2 mm. wavelengthgclosed circles only the Cak window provided filtering.
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placed in line with the monochromatized beam. The test de- First, the ACR is moved to the focal position and the test
tectors are mounted on ai-y translation stage. The linear detector is moved out of the optical path for absolute power
motions are used to raster scan the test detectors for spatimeasurement. The data from the ACR is continuously re-
response mapping and to move the test detectors in and ogérded with beamline shutter closed, opened, and closed
of the optical path during calibration. Both the ACR and testagain. This measurement sequence provides a measurement
detector assembly are mounted on a separate translatigf the slow drift of the ACR background signal due to the
stage that moves parallel to the light path so that the ACRhanges in thermal environment. The ACR background drift
and test detectors can be placed at the focal plane sequ&g-gpproximately linear during the duration of the ACR mea-
tially. Movements of all stages are controlled and automated, .ements of typically 2 min at a particular wavelength. An

by a com.puTer. | ‘b i is sh example of the data measured using this sequence is shown
A typical spectral power output of beamline 4 is s own;y Fig. 4. To determine the ACR background level during the

in Fig. 2 with SURF Il operated at an energy of 331 I\/levéull beam measurement, a line is fitted to the background
and a current of 180 mA. For wavelengths longer than 200 . . Y
signal measured with shutter closed. This best-fit line is used

nm, the' fusepl S'“C.a filter was ms'erte'd into the beam to SUP3s the ACR background level during the full beam measure-
press high-diffraction-order contributions.

ment with shutter opened.
Second, the test detector is moved to the focal position

IIl. DETECTOR CALIBRATION METHOD and the response of the detector is measured using a cali-
The measurement of absolute spectral responsivity Jprated electrometer. The responses of the test detector and
test detectors involves two steps, as shown in Fig. 3: ACR are both normalized bin situ measurements of the
5500
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FIG. 4. Time sequence of data acquisition for power measurements by thEIG. 5. Spectral responsivity of the Far UV Calibration Facility working
ACR. The incident optical power is the difference in electrical power sup-standard 94-103 measured by beamlinéiled diamonds, the SCF(X),
plied to the ACR cavity when the shutter is closed versus when the shutteand the Far UV Calibration Faciliti#). The representative error bars show
is open. the measurement uncertainty of the Far UV Calibration Facility.
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FIG. 6. Spectral power responsivity of the SCF working stand563 FIG. 7. Difference in spectral responsivities measured by the SCF and
measured at beamline(filled diamond$ and from the SCREX). beamline 4 for four UV SCF working standards. The difference is calculated
by subtracting the responsivity measured with beamline 4 from the respon-
sivity measured with the SCF and then ratio the result with the responsivity
monitor diode output to eliminate the effects of beam fluc-measured with the SCF.

tuations during the measurements.

The spectral power responsivi§y (ampere/wajtof the 100G photodiode is used as a working standard at the Far
test detector can be calculated using the following measurejv Calibration Facility and it was also calibrated at the SCF
ment equation derived similarly to the procedure describegrom 260 to 400 nm. The measurement results from these

in Ref. 21: three facilities are shown in Fig. 5. The agreement between

. le—lams the SCF and beamline 4 is better than 1%. For the Far UV

S.= — - - ) (1) Calibration Facility, the agreement with beamline 4 is better
Imx_ Id,mx Poff_ Pon

than 2% for wavelengths longer than 160 nm. Such agree-
where |, and I, are the measured current from the testment is well within the 5% overall uncertainty for the Far
detector and the monitor photodiodg;, andly . are the UV Calibration Facility.
background current from the test detector and monitor pho- In addition, we measured the absolute spectral respon-
todiode measured with shutter closd®;, is the electrical sivities of four United Detector Technologies UV-100
power (Sl unit W) applied to the ACR cavity heater with the photodiode$? These photodiodes are used at the SCF as UV
incident light (shutter openedand P is the interpolated working standards with their scale derived from HACR and a
ACR thermal background derived from the measurementpyroelectric detector.The spectral responsivity of working
performed with shutter closed; ahgsandly s are the mea- standardu503 measured at beamline 4 is shown in Fig. 6
sured current and its background from the monitor photodialong with the spectral responsivity derived from the SCF
ode simultaneously recorded with the ACR measurement. scale. The differences in spectral responsivities of these
working standards between the SCF scale and those mea-
sured at beamline 4 are shown in Fig. 7. In general, the
measurements between beamline 4 and the SCF agree with
An intercomparison was performed among beamline 4each other within about 2% except at wavelengths near 200
the Far UV Calibration Facility, and the SCF by measuringnm where the SCF measurement is significantly lower in
the spectral responsivity of an AXUV-100G photodiode responsivity than that of the beamline 4 measurement. This
from International Radiation DetectofRD).2? The AXUV- is in accordance with the increase in uncertainty near 200 nm

IV. INTERCOMPARISON WITH CURRENT NIST SCALE

UV-100 u506 AXUV-100G 94-103

FIG. 8. Spatial response uniformity with 0.5% contours
at 240 nm for the SCF working standaré06(UV-100)
and the Far UV Calibration Facility working standard
94-103(AXUV-100G) measured at beamline 4.
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TABLE |. Components of the combined relative standard uncertainty 7.0
(k=1) of spectral responsivity at beamline 4. = o
= 6.0 e
Component of uncertainty g —_
Source of uncertainty (%) 3 § 5.0
ACR power measurement 0.30 £ E 4.0 . © ]
with 1 uW optical power -E 'z
monitor diode current measurement 0.10 S § 3.0 o
test diode current measurement 0.10 o g 2.0 1)
wavelength scale and spectral bandwidth 0.30 E o
out-of-band stray light 0.10 = 1.0 * OO,
. L 'S N ) OGP
test diode positioning 0.20 & 00000900000400000060443 T
Relative combined standard uncertainty 0.50 0.0
100 150 200 250 300
Wavelength (nm)

for the SCF. It should be noted that the somewhat different
result for working _Standard524 n Flg. 7_|S be_“eved to be FIG. 9. The relative combined standard uncertainty of an AXUV-100G
caused by the variation of the spatial uniformity of that pho-photodiode responsivity calibration by beamlinéfiied diamonds and the
todiode. SCF(open circleg
For the two types of working standards used at the SCF

and the Far UV Calibration Facility, we found that the
AXUV-100G photodiode has better reproducibility than the
UV-100 photodiode and therefore lower overall measure

becomes very important when there is a large slope in the
spectral responsivity of the test detector. The uncertainties
caused by wavelength scale and detector positioning can

ment uncertainty. This is attributed to the better spatial re'only be estimated based on measured results of the test de-
sponse uniformity of the AXUV-100G photodiode as shownq o

in Fig. 8. The data of Fig. 8 was measured at beamline 4 by 1, ossess the type A uncertainties from a power mea-

rastering the test detectors across the light beam at a wavey.ement by the ACR, test detector, and monitor diode, we
length of 240 nm. We will calibrate more detectors with 55164 50 data points for each wavelength to derive the
beamline 4 to help the SCF in establishing new UV workingganqard deviation of each measurement. We found that,
standards. ) i ) typically, the ACR had a measurement uncertainty of 0.3%
After this round of intercomparison, the UV scale at 5 apout 1,4W of incidence radiation power whereas the
beamline 4 is transferred to both the SCF and the Far U\ oaqrement uncertainty for the monitor diode and test de-
Calibration Facility. For the SCF, the uncertainty of the new, ;o \vas less than 0.1%. Listed in Table | are typical com-

scale based on the me_agurements of bee_lmllr?e 4 is 1% n?%nents of the total measurement uncertainty for beamline 4.

200 nm whereas the original SCF uncertainty is up to 6%. It o qre detailed calculation of the overall measurement

also allowed the SCF to extend its wavelength limit to 190, hcertainty at each wavelength is obtained by combining all
$he components of uncertainty based on the measurement

nm to include the excimer laser’'s 193 nm wavelength that i
particularly important for semiconductor photolithography. gaistics at every wavelength. Shown in Fig. 9 is the relative

For the Far UV Calibration Facility, the new scale reduces,,ynined uncertainty for the calibration of the AXUV-100G

the measurement uncertainty for wavelengths longer thagy, i, diode at beamline 4 compared with the SCF. As shown
130 nm from the original value of 5% down to 1%. in Fig. 9, beamline 4 has lower uncertainty below 320 nm

and it greatly reduces the SCF uncertainty near 200 nm. In
V. MEASUREMENT UNCERTAINTY ANALYSIS

Most of the uncertainty budget for the absolute respon 1.00
sivity measurement on beamline 4 is caused by the compc ® 0.90
nents of the measurement equation expressed in(Hg. S 08 *
These uncertainties, the power measurements by the ACI E & 070 ot ’¢ s ot
monitor diode, and test detectors, are evaluated by the stati -9": Z 0.60 ” . S S I
tical analysis of repeated observationgtype A £ £ o050 *ee e 2hadd
uncertainties®® There are also componeritype B) that de- E & o4 M
pend on the systematic effects of beamline instruments, suc ; § 0.30
as the stray light, alignment, detector positioning, wave- £ 0.00
length scale, and ACR calibration. The study of stray light, E 0'10
alignment, and ACR calibration have been discussel '
previously*? It was shown that each of these components ha 0.00

150 200 250 300 350

a relative standard uncertainty of approximately 0.1%. The
uncertainty in detector responsivity caused by wavelengtl Wavelength (nm)
accuracy and detector positioning are dependent on the spe.-

tral responsivity and spatial response uniformity of the teskg. 10, The relative combined standard uncertainty of a UV-100 photodi-
detector. For example, the accuracy of the wavelength scalgle calibration by beamline 4.
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FIG. 11. Measured deep UV spectral responsivities of UV Si, SiC, GaN, PtSi, GaP, and GaAsP photodiodes. The spectral responsivity of the Ri8i photodio
shown is shown as 10 times the actual value.
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